Carp parvalbumin coordinates calcium through one carbonyl oxygen atom and the oxygen-containing side chains of 5 amino acid residues, or 4 residues and a water molecule, in a helix-loop-helix structural motif. Other calcium-binding proteins, including calmodulin and troponin C, also possess this unique calcium-binding design, which is designated EF-hand or calmodulin fold. Parvalburnin has two such sites, labeled CD and EF. Each of the calcium-binding sites of refined structures of proteins belonging to this group has a 7-oxygen coordination sphere except those of the structure of parvalbumin as it was repoFted in 1975. This structure had been refined at 1.9 A using difference Fourier techniques on film data. The CD site appeared to be 6-coordinate and the EF site 8-coordinate. Results of NMR experiments using 113Cd-substituted parvalbumin, however, indicate that the sites are similar to one another with coordination number greater than 6. To resolve the inconsis$ency between crystallographic and NMR results, 1.6 A area detector data was collected for native and cadmium-substituted parvalbumin; the structures have been refined to R factors of 18.7% and 16.4%, respectively, with acceptable geometry and low errors in atomic coordinates. Differences between the parvalbumin structure described in 1975 and the present structure are addressed, including the discovery of 7-coordination for both the CD and EF sites.
in 1973 by Kretsinger and Nockolds (4) by comparing it with a hand; the name EF-hand or calmodulin fold has since been used for all such helix-loop-helix structures. Each protein in this group contains from two to eight EF-hands. In the past few years the structures of troponin C, intestinal calciumbinding protein, and calmodulin, as well as other similar calcium-binding proteins, have been refined to high resolution (Table 11) ; all of these are reported to have 7-coordinate calcium ions in each filled ("holo-") binding site (8) (9) (10) (11) (12) (13) (14) (15) (16) .
The structure of carp parvalbumin was initially refined in 1975 by Moews and*Kretsinger (14) using difference Fourier techniques and 1.9-A x-ray film data. (A crystal structure of Earvalbumin isolated from pike has since been refined a t 1.93 A (17) .) The crystallographic R factor of the carp parvalbumin structure was 25%, and the estimated error in atomic position was 0.25 A. The structure of parvalbumin consists of six ahelices labeled A through F. The AB domain has suffered a deletion of three amino acids, relative to the CD and EF domains, and does not bind metal ( 5 ) . The loops between the C and D helices and the E and F helices coordinate the two calcium ions by donating oxygen ligands. Each helix is approximately 10 residues in length, as is the loop. Each of the calcium-binding sites of this protein class has been described as having approximate octahedral or approximate pentagonal bipyramidal coordination geometry, employing either amino acid side chain carboxylate, amide and/or hydroxyl groups, a main chain carbonyl oxygen atom, and/or a water molecule in the coordination sphere (18) . The number of coordinating oxygens reported for the CD site of parvalbumin was six, while that for the EF site was eight (14) . The structures of two other calcium-binding proteins which do not have EFhand sites, but similar 7-coordinate metal sites, have recently been refined a t high resolution and their calcium sites are described as pentagonal bipyramidal (15, 16) (Table 11) .
'13Cd NMR has become a widely used tool for the study of calcium and zinc-binding sites in proteins and enzymes. Cadmium has been substituted in the calcium-binding sites, and the '13Cd NMR has been measured in parvalbumin (19), troponin C (20) , and calmodulin (21) . The '13Cd NMR signal for these proteins is observed at very shielded values of "100 ppm relative to the reference standard of 0.1 M Cd(C10& in D 2 0 (22) . The solution spectrum of parvalbumin shows two resonances at -93.8 and -97.5 ppm, one of which corresponds to the CD site and the other to the EF site (19) .
However, the solid state magic angle spinning, cross-polarization '13Cd NMR spectrum shows only one fairly broad resonance at -83.8 ppm not resolved into two peaks (23 is not precise enough to be used as the foundation for a detailed comparison with other calcium-binding protein structures. Therefore, a well-refined structure based on high resolution area detector data should be available. To differentiate between the original structure and the current structures, the following notation will be used: PV(75Ca) represents the native structure reported in 1975, PV(88Ca) represents the native structure reported here, and PV(88Cd) represents t h e cadmium-substituted structure reported here.
EXPERIMENTAL PROCEDURES
Crystallization and Data Collection-The 113Cd-substituted parvalbumin was obtained from P. Marchetti, Department of Chemistry University of South Carolina, and was prepared as described previously (23) . Electrophoretic purity of the protein was determined by the Laemmli method (24) . Cadmium content was confirmed using a semiquantitative spot te!jt (25) . All of the cadmium-parvalbumin crystals used in this stucly were grown at 18 "C by vapor diffusion using the sitting drop technique (261, and the data were collected at room temperature. The native crystals were grown in hanging drops (26) at 4 "C, and the data were collected at 4 "C. Both the cadmium and calcium parvalbumin crystals belong to the monoclinic crystal system with spacegroup C2, as did the original parvalbumin crystals (4) . The unit cell parameters are listed in Table 111 . Most of the crystals were approximately trapezoidal in shape and were similar in size. The cadmium-parvalbumin crystal used for data collection measured 0.8 X 0.15 X 0.15 mm; the calcium-parvalbumin crystal measured 0.45 X 0.25 X 0.1 mm. The crystals were mounted in thin-walled glass capillaries.
The Multiwire Area X-ray Diffractometer (MAXD) (27) facility at the University of Virginia was used for measurement of both the calcium and cadmium data sets. The space group and approximate unit cell dimensions were obtained from preliminary camera and diffractometer data measured at the University of South Carolina. and rebuilding process were PROTEIN (28), PROLSQ (29) , and Refinement-The three software packages used for the refinement FRODO (30), using a VAX 11/780 and an Evans and Sutherland PS330 graphics system.
The starting model coordinates were obtained from the Protein Data Bank, set 3CPV, 61 (31) . The total number of reflections with I > 3u were 10879 for the PV(88Ca) data and 8833 for the PV(88Cd).
Progress of refinement is summarized in Tables IV and V. It was necessary first to idealize the geometry of the model coordinates, which brought the initial crystallographic R factor from 41.4 to 38.0%. Hence!orth, data were added in a stepwise manner, beginning with a 10-3 A shell. Difference maps calculated with coefficients (2(F01 -IFcl)a, and ( IFoI -IFcI)ac were used as guides for manual changes in the model. At the end of the refinement, placement of water molecules, the coordination spheres of the metal atoms, and placement of the NH2 terminus were confirmed with difference maps calculated using phases with the coordinates of the features in question omitted.
Criteria used for including water molecules in the structure were:
presence of a peak greater than 30 in the IF,I -IF,I map based on phases calculated in the absence of the water coordinates; coordinates that were within hydrogen bonding distance to the molecule directly or through another water molecule; and a temperature factor of less than 60 A' . A difference Fourier map using IF,(Cd)) -klF,(Ca)( as coefficients, the PV(88Ca) unit cell dimensions, and phases from the PV(88Ca) structure, was calculated to confirm the presence of cadmium in the cadmium-parvalbumin crystal. The significant features 
RESULTS AND DISCUSSION
Evaluation of Refinement-Both the-PV(88Ca) and PV(88Cd) structures refined well to 1.6-A resolution, with final R factors of 18.7 and 16.4%, respectively. The coordinates for each of these structures will be deposited in the Protein Data Bank (31) . Table VI summarizes the results of the refinements. Of equal or greater importance to the low R factors are the acceptable deviations from ideality represented in the final RMS &values (Table VII) . All of the RMS 6- values for the PV(88) structures are reasonably close to the target U-values. For comparison, the RMS &values of the PV(75Ca) structure are also listed in Table VII. A third indicator of the reliability of the refined structures are the individual isotropic temperature factors, B. Fig. 1 is a plot of temperature factors uersus residue numbers. The average temperature factor for the PV(88Ca) structure is higher than for the PV(88Cd), but the B-values along the protein chain do follow the same trend. Some disorder of the NH2 terminus in both structures is apparent from the high B factors in that segment of the protein. The expected errors in atomic positions were estimated based on Luzzati's method (33). Tbe lAr( for both PV(88) structures is between 0.10 and 0.15 A, a low value for protein refinements.
Description of the Structures-The general structural features of parvalbumin were established in the original structure solution and refinement (4, 14) . No significant differences are observed upon replacement of calcium by cadmium. The solvent structure of the PV(88) structures also has similarities, wit) 42 water molecules common to both (distance less than 1 A).
The carbon, nitrogen, oxygen backbone of the PV(88) structures are shown superimposed upon one another in Fig. 3 . The differences between these structures, although minor, are reflected in the differences in unit cell parameters (Table 111) . However, there are some differences between these structures and PV(75Ca). As noted earlier, the geometry of the PV (88) structures has improved. The NH2 terminus has been retraced with the second residue, Phe-2, now tucked into the established hydrophobic core of the structure and the acetylated alanyl group protruding into the solvent; this is more consistent with its polar natu.re, Although some disorder is seen in the NH, terminus, it is stabilized by a type I1 &-bend. Fig. 4 shows the positioning of the NH2 terminus (acetyl-Ala-Phe) with density overlaid. Also stabilizing the position of the NH, terminus is a hydrophobic stacking interaction between Phe-2 and Phe-70 (Fig. 5 ) . The aromatic rings of these residues are parallel, but only the two opposite t-carbons are colinear. The differences in the metal coordination will be described later.
The general placement of the six helices was found to be the same in the PV(88) structures as in PV(75Ca). Unique features (other than the metal-binding loops) include the insertion of two water molecules in the D-helix, causing a kink. This type of solvation has also been seen in the troponin C structure (8) . There is one internal water molecule in parvalbumin which hydrogen bonds to backbone atoms of residues 64, 67, and 76, stabilizing the segment between the CD and EF metal-binding loops. This water appears to anchor the D-and E-helices with respect to one another. The primary difference between the two calcium-binding sites in parvalbumin is that, in addition to carbonyl and carboxylate ligands, the CD site employs a serine hydroxyl group while the EF site allows a water molecule into the coordination sphere a t position 9 ( -X ) since the amino acid at this position is glycine. The present refinement reveals that these two sites are similar in that they each employ seven oxygen atoms in their coordination spheres, but their geometries are different.
Metal-Oxygen Distances-There are major discrepancies in sulting in the change in coordination number from 6 to 7 for the CD site (Table VIIIA) ; however, the number of residues erage temperature factor versus residue number is plotted for Coordination of the Metal Sites-Elements common to most EF-hand calcium-binding sites include two a-helices on either side of a 12-residue loop, of which positions 1, 3, 5, 7, 9, and 12 provide the coordinating oxygen ligands. These positions are designated X , Y, 2, -Y, -X, -2 which associate them with the vertices of an ideal octahedron (14, 34) (Fig. 6) . Most of these residues are highly conserved with the exception of 7 (-Y ) and 9 ( -X ) (17) ; the 7th residue (at -Y ) coordinates there is one short and one long Cd-0 distance in each PV(88Cd) site. These minimum and maximum values ! r e 2.12 and 2.77 A, respectively, and the average is 2.40 A. The extreme values foun9 in the literature for Cd-0 distances are 2.213 (37) and 2.677 A (3F). The short and long Cd-0 distances reported here are 0.10 A outside of each extreme, byt since the errors in positional coordinates are 0.10-0.15 A, these distances can be considered to be coordinating within the error limits of this study.
Geometry of the CD Site-The CD site geometry is best described as a pentagonal bipyramid with carboxylate oxygens of residues 51 and 59 a 3 the apices (Table VIIIB, Fig. 7 ). This geometry was predicted to correspond with negative values of solid state '13Cd NMR. signals (39) . The greatest deviations from the least s uares plane of the other five atoms and the metal are 0.26 1 for PV(88Ca) and 0.31 A for PV(88Cd).
Supporting this further, the sum of the angles in the pentagonal plane of PV(88Ca) is 361.9" and the 0.51-Ca-059 angle is 168.77" while the pentagonal plane angles of PV(88Cd) add up to 362.63" with an 0.51-Cd-059 angle of 169.19". Geometry of the EF Site-The 7-coordinate EF site may be described as a monocapped trigonal prism or as a split-vertex octahedron (Table XIB, Fig. 8 ). If it is viewed as a monocapped trigonal prism, the capping atom (094) is on a %fold symmetry axis of the coordination sphere, orthogonal to the rectangular plane described by 090,092, Owat, and 096. The use of the description monocapped trigonal prism is imprecise because the capping atom is not proximal to a face of the polyhedron. We believe the descriptive term split-vertex octahedron to be more descriptive of the geometry since this representation clearly contains the 094 atom at a proper coordinating distance away from the metal atom. The angles that would be considered the main axes of the octahedra consist of 940-Ca-101C6 and 940-Cd-101Cs and have values of 166.83" and 169.00", respectively, the ideal value being 180.00". 'I3Cd NMR in Terms of Geometry-The single signal in the solid state ' 13Cd NMR spectrum of parvalbumin is consistent with the coordination number of seven for both sites. If there were different coordination numbers for the CD and EF sites, the resonances should have been resolvable. The subtle differences in environment of the two metal-binding sites are not within the detection sensitivity of solid state protein NMR techniques; however, the different shifts observed in the solution NMR spectra, although small, may reflect this distinction. The environments can be considered almost equivalent with respect to ligand types and distances with the exception of the coordinating hydroxyl group in the CD site and the coordinating water in the EF site. Water is a stronger electron donor than the serine hydroxyl group; this is reflected in the shorter distance between the water and cadmium compared with the distance between the serine hydroxyl group and cadmium. It is expected that a water molecule as in the EF site would be less shielding than a hydroxyl group as that of Ser-55, supporting the assertion by Drakenberg et al. (19) that the -93.8 ppm '13Cd NMR signal corresponds to the EF site and the -97.5 ppm signal corresponds to the CD site. However, the small differences in geometry between these two sites makes the assignment less certain. 
SUMMARY
The results of this investigation support the suitability of 'I3Cd NMR as a tool for the study of calcium-bindingproteins. Replacement of calcium by cadmium has only minor effects on the metal coordination environment and negligible effects on the structure of the protein.
The refined structure of native carp parvalbumin provides an accurate basis for comparison of an entire class of calciumbinding proteins. Most significant to the original intent of this study is the discovery of the true coordination of the metal-binding sites. The previously reported 6-and 8-coordination of the CD and EF sites did not explain the "' Cd NMR data, which indicated that the sites were very similar. A difference in coordination number of two should have been detected by the '13Cd NMR. The revealed 7-coordination of both the CD and EF metal sites is consistent with the results of the '13Cd NMR experiments. It also resolves the inconsistency among EF-hand-binding sites; all have a coordination number of seven with only slight variations in the polyhedral description of the geometry. 
